The serine/threonine protein kinase Akt plays a critical role in regulating proliferation, growth, and survival through phosphorylation of different downstream substrates. The mTOR is a key target for Akt to promote tumorigenesis. It has been reported that Akt activates mTOR through phosphorylation and inhibition of the tuberous sclerosis complex (TSC) protein TSC2. Previously, it was demonstrated that mTOR activates IKK/NF-kB signaling by promoting IkB kinase (IKK) activity downstream of Akt in conditions deficient of PTEN. In this study, the mechanistic role of the tumor-suppressor TSC2 was investigated in the regulation of IKK/NF-kB activity in PTENnull prostate cancer and in TSC2-mutated tumor cells. The results demonstrate that TSC2 inhibits IKK/NF-kB activity downstream of Akt and upstream of mTORC1 in a PTENdeficient environment. However, TSC2 promotes IKK/NF-kB activity upstream of Akt and mTORC1 in TSC2 mutated tumor cells. These data indicate that TSC2 negatively or positively regulates IKK/NF-kB activity in a context-dependent manner depending on the genetic background.
Introduction
Tuberous sclerosis complex (TSC) is an autosomal dominant disorder characterized by tumor growth in multiple organs, including the brain, kidney, heart, lung, and skin. TSC results from mutations in either the TSC1 gene that encodes for hamartin, or TSC2 gene that encodes for tuberin (1, 2) . These two proteins form a complex that inhibits the mTOR pathway through negative regulation of the small GTPase Ras homolog enriched in the brain, Rheb (3) (4) (5) (6) (7) (8) (9) (10) (11) . The oncogenic kinase Akt is a serine/threonine kinase that promotes cell proliferation, growth, survival, and energy metabolism through phosphorylation of specific substrates. In many types of cancers, Akt is constitutively activated due to activating mutations within the kinase itself, or due to upstream activation of receptor tyrosine kinases (RTK) or PI3K, or due to loss of PTEN tumor-suppressor function (12, 13) . mTORC1 (mTOR complex 1), a key downstream effector of Akt, is a complex containing the serine/threonine kinase mTOR and a regulatory protein, Raptor, which phosphorylates S6K and 4E-BP1 to promote mRNA translation (14) (15) (16) . The mTORC1 pathway plays an essential role in protein synthesis and translation necessary for cell proliferation. Akt activates mTORC1 by phosphorylating and inhibiting the tumor-suppressor gene TSC2 to induce RheB, which promotes mTORC1 activity (5, 7, (17) (18) (19) (20) (21) (22) . In addition, mTOR also associates with Rictor to form another mTOR complex, mTORC2 that phosphorylates Akt at serine 473 to promote fully the activation of Akt (16) .
Importantly, in addition to upregulation of growth signaling, mTORC1 and its downstream target, S6K, also mediate negative feedback loops that restrain PI3K-Akt signaling through insulin/ IGF receptor and other tyrosine kinase receptors via phosphorylation as well as transcriptional repression of insulin receptor substrate 1 (IRS-1; refs. [23] [24] [25] [26] [27] [28] [29] . Therefore, blocking mTORC1 activity by mTOR inhibitors such as rapamycin reduces phosphorylation and degradation of IRS-1, which subsequently upregulates PI3K/Akt activity in several cancer cell lines (30) . These studies suggest that the anticancer activity of mTOR inhibitors may be reversed by releasing feedback inhibition of PI3K/Akt (23, 24, 30) . On the other hand, feedback inhibition of Akt signaling by loss of tumor-suppressor gene TSC2 can limit the growth of TSC-related tumors, which is likely to explain the mostly benign nature of tumors arising in TSC patients (31, 32) . In addition, these findings also suggest that TSC2 may play differing roles in downstream and upstream signaling pathways based on different genetic or physiologic backgrounds (31) .
The NF-kB is critical in the regulation of immune function, cell survival, apoptosis, invasion, migration, and cellular proliferation. NF-kB, a ubiquitously expressed nuclear factor, normally resides in the cytoplasm in its inactive form in association with IkBa, the inhibitor of kB (IkB) protein. Inflammatory cytokineinduced NF-kB activation is mediated by the IkB kinase (IKK) complex, which is comprised of two catalytic subunits (IKKa and IKKb) and a regulatory subunit (NEMO). Once activated, the IKK complex phosphorylates IkBa leading to its rapid ubiquitination and proteasome-mediated degradation, which causes the release of NF-kB from IkBa inhibition. The activated NF-kB forms heterodimers with p50 and translocates to the nucleus to regulate NF-kB target gene transcription (33) (34) (35) (36) . The activated IKK complex also directly phosphorylates p65 NF-kB at serine 536 to promote its activity, which indicates that phosphorylation of NF-kB at serine 536 is a major marker of NF-kB activity (37) (38) (39) . In many cancers, including prostate cancer, IKK/NF-kB signaling is also constitutively active due to dysregulation/activation of oncogenic pathways such as Akt or loss of PTEN tumor-suppressor function (40, 41) .
We previously reported that IKK/NF-kB is activated downstream of Akt in PTEN-deficient prostate cancer cells (42) and inhibition of mTORC1 significantly reduces NF-kB activity in these cells, which suggests that mTORC1 is involved in Aktmediated activation of IKK/NF-kB in PTEN loss induced prostate cancer (42) . In this study, we investigated the role of TSC2, the upstream inhibitory protein of mTORC1, in regulating IKK/NF-kB activity in PTEN-deficient prostate cancer cells and TSC2-mutant TSC tumor cells. We found that TSC2 inhibits IKK/NF-kB activity in PTEN-deficient prostate cancer cells, but promotes IKK/NF-kB activity in TSC tumor cells that have wildtype PTEN and mutated TSC2. These data demonstrate that TSC2 differentially modulates the IKK-NF-kB pathway in cells with different genetic background and indicate that IKK-NF-kB play a pivotal role in both PTEN-deficient prostate cancer as well as TSC2-mutated tumors, including TSC.
Materials and Methods

Cell culture and reagents
The cell lines HeLa, TSC2 ang1, and PC3 were purchased from the ATCC. The HeLa-myr-Akt2 Tet-On cell line was a kind gift from Dr. J Cheng of Moffitt Cancer Center. The EEF126-4 (Tsc2
) and EEF126-8 (Tsc2 À/À ) cells were also provided by Dr. J. Cheng and originally derived by R. Yeung. All cells were maintained in DMEM supplemented with 10% FBS, 2 mmol/L glutamine, and 100 U/mL penicillin and streptomycin (Gibco). The respective reagents were obtained from the following sources: Protease and phosphatase inhibitor cocktails were from Roche; CHAPS from Pierce; LY294002 from Cell Signaling Technology; and protein A and protein G agarose beads from Invitrogen Life Technologies. The radiochemicals used were obtained from New England Nuclear. Recombinant GST-p65/RelA C-terminal fragment and GST-IkBa were provided by Dr. Albert Baldwin (University of North Carolina at Chapel Hill).
Antibodies
Antibodies against IKKa, IKKb, mTOR, Akt1, and Akt2 were obtained from Upstate Biotechnology. Anti-Raptor and anti-Rictor antibodies were obtained from Bethyl Laboratories. The antimyc (9E-10), anti-TSC2 and control rabbit IgG, as well as HRPlabeled anti-mouse and anti-rabbit secondary antibodies were from Santa Cruz Biotechnology. All other antibodies were from Cell Signaling Technology.
Transfections
Transfections were performed using Lipofectamine and Plus (Invitrogen) following the manufacturer's instructions. Three to four hours after transfection, cells were recovered in full serum for 36 hours before performing assays.
RNAi interference
siRNA SMARTpool human TSC2-(1) (catalog # M003029), RheB (catalog # M009692), Akt1 (catalog # M-003000), and Akt2 (catalog # M-003001) were from Dharmacon. Each of these represents four pooled SMART-selected siRNA duplexes that target the indicated mRNA. siRNA to human TSC2-(2) was from Cell Signaling Technology (CST-6476). siRNA to human Raptor was from Dharmacon. siRNA to rat Akt1, Akt2, Raptor, Rictor and ERK and siRNA to mouse Rictor, Raptor, Akt1, Akt2, and ERK were from Santa Cruz Biotechnology. PC3, TSC2
À/À or TSC2 ang1 lines cells were transfected with indicated SMARTpool siRNA or nonspecific control pool siRNA using DharmaFECT 1 reagent (Dharmacon) according to the manufacturer's instructions. Briefly, 20 nmol/L final concentration of siRNA was used to transfect cells at 60% to 70% confluency. Cells were harvested 48 to 72 hours after siRNA transfection.
Cell lysis and Western blot analysis
Cells were lysed and immuno-blotted as described previously (42, 43) with minor modifications. Briefly, cells grown in 100-mm dishes were rinsed twice with cold PBS, and then lysed on ice for 20 minutes in 1 mL of lysis buffer [40 mmol/L Hepes pH 7.5, 120 mmol/L NaCl, 1 mmol/L EDTA, 10 mmol/L pyrophosphate, 10 mmol/L glycerophosphate, 50 mmol/L NaF, 0.5 mmol/L orthovanadate, EDTA-free protease inhibitors (Roche)] containing 1% Triton X-100. After centrifugation at 13,000 Â g for 10 minutes, samples containing 20 to 50 mg of protein were resolved by 4% to 12% SDS-PAGE gels (Invitrogen), and proteins were transferred to Pure Nitrocellulose Membrane (Bio-Rad), blocked in 5% nonfat milk, and probed with the indicated antibodies.
In vitro IKK assay PC3 cells were grown in 100-mm dishes for 48 hours in DMEM containing 10% FBS and lysed in 1 mL of lysis buffer with 0.3% CHAPS. Half of the total cell lysate was incubated with IKKa or IKKb antibodies for 6 to 12 hours, followed by another hour of incubation with 25 mL of protein G agarose beads. Immunoprecipitates were washed three times with lysis buffer, and once with IKK kinase buffer without ATP [20 mmol/L Hepes pH 7.7, 2 mmol/L MgCl 2 , 2 mmol/L MnCl 2 , 10 mmol/L b-glycerophosphate, 10 mmol/L NaF, 10 mmol/L p-Nitrophenyl Phosphate (PNPP), 300 mmol/L orthovanadate, 1 mmol/L Benzamidine, 2 mmol/L PMSF, 1 mmol/L DTT, 10 mg/mL aprotinin, 1 mg/mL Leupeptin, 1 mg/mL pepstatin, 1 mmol/L DTT]. IKK kinase assays were performed by incubating washed immunoprecipitates with recombinant GST-IkBa (amino acids 1-54) or GST-p65/RelA C-terminal fragment for 45 minutes at 30 C in 30 mL of IKK kinase buffer with 10 mmol/L ATP and [g-32 P]ATP (0.5 mCi per reaction). To stop the reaction, 8 mL of 4Â SDS sample buffer was added to each reaction, which was boiled for 10 minutes. The reaction was then separated by 4% to 12% SDS-PAGE and transferred to a polyvinylidene difluoride membrane. 32 P incorporated into GST-IkBa or GST-p65/RelA C-terminal fragment was assessed by autoradiography.
Reporter assays
Cells were seeded in 6-well plates. Two hundred ng of 3Â kB luciferase reporter and 50 ng of pRL-SV40 (Renilla reporter control) DNA were cotransfected using Lipofectamine and Plus (Invitrogen) following the manufacturer's instructions. Cells were harvested after 24 hours of transfection, and luciferase assays were performed using the Dual Luciferase Assay System (Promega). All transfections were performed in triplicate.
Electrophoretic mobility shift assay
Electrophoretic mobility shift assays (EMSA) were performed as described previously (42) . In brief, nuclear extracts were obtained as described above, and 5 mg of nuclear proteins were incubated with 1 mg/mL polydIdC in binding buffer (50 mmol/L Tris pH 7.6, 5 mmol/L DTT, 2.5 mmol/L EDTA, 50% glycerol) for 15 minutes. Subsequently, an oligonucleotide radiolabeled with [a 32 P]dCTP was added and allowed to incubate for an additional 15 minutes at room temperature. The probe contains a NF-kB consensus-binding site for the H-2kB promoter (5 0 -GGGGAT-TCCC-3 0 ). The samples were then separated on polyacrylamide gels and developed with autoradiography.
RNA extraction and real-time PCR
RNA extraction and real-time PCR were performed as described previously (42) . Forty-eight hours after transfection of siRNA, total RNA was isolated using TRizol (Invitrogen). Reverse transcription was conducted with 1 mg of total RNA using MMLV reverse transcriptase (Invitrogen) according to the manufacturer's protocol. Real-time RT-PCR was then performed using TaqMan gene-expression assays for IkBa, cIAP1, cIAP2, XIAP, Survivin, Bcl-2, and Bcl-xL (Applied Biosystems Inc.) on an ABI 7900HT real-time PCR system (Applied Biosystems, Inc.).
Statistical analysis
Data from the in vitro experiments are expressed as mean AE SD from a minimum of three independent experiments. Comparison between groups were carried out by two-way ANOVA or Student t test, and a P value of less than 0.05 was considered significant.
Results
TSC2 inhibits NF-k%/IKK activity in PTEN null PC3 cells
We previously reported that mTORC1 enhances the ability of the IKK complex to induce NF-kB p65 activity in PTEN null prostate cancer cells (42) . Although many studies have already shown that the tumor-suppressor gene TSC2 inhibits mTORC1 activity and that this inhibition can be countered by Akt phosphorylation (4, (8) (9) (10) , these observations raised the question of whether or not TSC2 suppresses NF-kB activity through mTORC1 inhibition. To address this question, we used siRNA against TSC2 in PC3 cells to knockdown the expression of TSC2 and examine its effects on IKK/NF-kB activation. To minimize the possible offtarget effect of the siRNA used, two independent siRNAs targeting TSC2 [siRNA TSC2-(1) and siRNA TSC2-(2)] or control siRNA were used. As expected, knockdown of TSC2 markedly increases phosphorylation of S6K at threonine 389, which is the direct target site of mTORC1 while having no effect on S6K expression (Fig. 1A) . In addition, consistent with the increased S6K phosphorylation, augmented phosphorylation of NF-kB at serine 536, a critical marker of NF-kB activation, was observed. These data indicate that TSC2 negatively mediates NF-kB signaling in PC3 cells. Because it has been demonstrated that IKK is the pivotal kinase that phosphorylates NF-kB p65 at serine 536 (37-39, 42), we tested whether or not IKK activity is affected by TSC2 knockdown. Decreasing TSC2 expression increased endogenous phosphorylation of IKKa/b in their activation loops (serine 180/181) in a manner consistent with the increase in p65 phosphorylation while having no effect on expression of IKKa and IKKb. In parallel with the enhanced p65 phosphorylation, basal phosphorylation of IkBa, another IKKa/b substrate, also increases (Fig. 1A) . These data suggest that IKK activity and phosphorylation of its downstream targets are elevated upon TSC2 knockdown. It has been shown that IKKe (also named IKKe, IKBKE, or IKKi) phosphorylates NF-kB/p65 at serine 536 to activate NF-kB (44) . Therefore, we examined whether IKKe expression is elevated upon knockdown of TSC2. The results show that knockdown of TSC2 has no effect on the expression of IKKe, which suggests that IKKa/b, but not IKKe, is the major kinase that phosphorylates NF-kB at serine 536 in PC3 cells. Previous studies demonstrated that upregulation of mTORC1 leads to inhibition of Akt activity (6, 12, 15) . Thus, we determined whether Akt activity is affected by TSC2 knockdown. Interestingly, there is no change observed in the basal phosphorylation status of Akt upon TSC2 knockdown (Fig. 1A) . To confirm the results that IKK activity increases upon knockdown of TSC2, we also performed in vitro IKK kinase assays to examine the kinase activity of the IKK immunoprecipate for GST-Ik%a and GST-p65, two typical IKK substrates that are upregulated by TSC2 knockdown as shown in Fig. 1A . As expected, we found that knockdown of TSC2, as expected, elevated IKK's kinase activity for both IkBa (Fig. 1B , top) and p65 (Fig. 1B , bottom) while having no effect on the expression of IKKa or IKKb. These results indicate that TSC2 negatively modulates IKK/NF-k% activity through mTORC1 inhibition, but has no impact on Akt activity in PC3 cells in which Akt is constitutively activated due to loss of PTEN (3, 42, 45) .
TSC2 negatively regulates NF-k% luciferase activity and NF-kB targets gene expression in PTEN-null PC3 cells through inhibition of mTORC1
Next, we examined whether TSC2 modulates NF-kB transcriptional activity. We first determined whether TSC2 suppresses NFkB activity in PC3 cells by using a luciferase reporter assay. After transfection of the TSC2 siRNA, NF-kB luciferase activity was markedly increased in TSC2 knockdown cells ( Fig. 2A) . We previously showed that mTORC1 promotes IKK/NF-kB activity in PC3 cells (42) , and now our new data indicate that TSC2 inhibits mTORC1 and NF-kB in these cells. These data imply that TSC2 can abate NF-kB transcription through mTORC1. To test this hypothesis, we explored whether Rheb, an upstream regulator of mTORC1 and downstream target of TSC2, is involved in NF-kB activation by mTORC1. RheB and Raptor, a known critical component of mTORC1 pathway, were knocked down by siRNA treatment, and their effects on NF-kB luciferase activity in PC3 cells were evaluated. Knockdown of either RheB or Raptor decreased NF-kB luciferase activity (Fig. 2B ). These data indicate that RheB can induce NF-kB activation through mTORC1, similar to Raptor and mTOR. More importantly, we found that once the expression of RheB or Raptor is decreased, knockdown of TSC2 no longer induces NF-kB activity (Fig. 2C ). These data suggest that TSC2 mediates NF-kB transcription through RheB-mTORC1 signaling. Next, we determined whether knockdown of TSC2 leads to upregulation of NF-kB target gene expression. We chose the typical NF-kB target genes, including Bcl-2, Bcl-xl, CIAP1, IkBa, Cyclin D1, and C-Myc for analysis. As shown in Fig. 2D , the expression of all NF-kB target genes listed were elevated upon knockdown of TSC2 compared with siRNA control. Taken together, TSC2 negatively modulates NF-kB transcription through mTORC1 in PTEN null PC3 cells. The observation that TSC2 suppression leads to upregulation of the IKK-NF-kB signaling pathway prompted us to examine whether or not knockdown of TSC2 sensitizes cells to IKK inhibitor. To answer this question, the cells were treated with CmpdA, an IKKb inhibitor (46) , and cell proliferation measured. The result showed that knockdown of TSC2 has no effects on PC3 proliferation, but does make the cells more sensitive to CmpdA treatment (Fig. 2E ).
TSC2 inhibits mTORC1/IKK/NF-kB signaling cascade in PTENdeficient prostate cancer cells downstream of Ak
Given that PC3 cells have PTEN deletion and constitutively active Akt and mTORC1 (3, 44) , we also investigated the potential relationship of Akt, TSC2, mTORC1, and NF-kB in these cells. First, we treated the PC3 cells with a PI3K inhibitor, LY294002, which blocks Akt activity and tested its effects on the activity of mTOR, Akt, TSC2, and NF-kB. As shown in Fig. 3A, 2 hours of LY294002 treatment caused dramatic inhibition of phosphorylation of Akt, and subsequent decreases in the phosphorylation of TSC2, S6K, and p65 while having no effects on the expression of these proteins (Fig. 3A) . Then, we treated the PC3 cells with siRNA to knockdown both Akt1 and Akt2 and determined the effects on phosphorylation of TSC2, S6K, and p65. Consistent with the results of PI3K inhibitor treatment, simultaneous knockdown of Akt1 and Akt2 markedly reduced phosphorylation of TSC2, S6K, and p65 with no effect on the expression of S6K, TSC2, and p65 (Fig. 3B ). These data suggest that TSC2 regulation of NF-kB through mTORC1 is downstream of Akt. Finally, to further confirm that Akt controls TSC2-mTORC1-NF-kB signaling cascade through the TSC2-mTORC1 pathway in PC3 cells, the role of mTORC2 on TSC2, mTORC1, and NF-k% activities was examined. Several studies have already demonstrated that mTORC2 (mTOR/ Rictor) phosphorylates Akt on serine 473 to activate Akt, but mTORC2 induced activation of Akt affects only Akt phosphorylation of FOXO3a, not TSC2 in cultured cells (47) (48) (49) . We examined the effects of knockdown of Rictor, the critical component of mTORC2, on phosphorylation of NF-kB in PC3 cells. As expected, knockdown of Rictor decreased phosphorylation of Akt and FOXO3a while having no effects on phosphorylation of S6K (mTORC1 substrate) and the phosphorylation of TSC2 by Akt (Fig. 3C ). More importantly, knockdown of Rictor did not affect p65 phosphorylation, although Akt phosphorylation was reduced (Fig. 3C ). Our data demonstrate that Akt controls NF-kB through TSC2-mTORC1-NF-kB signaling cascade independent of mTORC2 in PC3 cells. Next, we determined whether Akt regulation of p65 NF-kB phosphorylation is mediated via phosphorylation of TSC2. Previous studies demonstrated that Akt phosphorylates TSC2 on serine 939 and threonine 1462 to promote mTORC1 activity (3, 8) . In addition, mutation of the two Akt phosphorylation sites (both serine 939 and threonine 1462 to alanine) in TSC2 (TSC2-2A: TSC2-S939A/T1462A) impaired Akt phosphorylation of TSC2 and activation of mTORC1 (3, 8) . It would be important to determine whether TSC2 wild-type (TSC2-WT) and mutant (TSC2-2A) differentially affect mTORC1 and IKK/NF-kB pathways. . Cells were harvested after 24 hours and luciferase assays were performed. Three independent experiments were performed, each in triplicates. B, PC3 cells were transfected with siRNA control, RheB or Raptor for 24 hours and then transfected with the NF-kB luciferase reporter for another 24 hours and Luciferase assays were performed as in A. Three independent experiments were performed, each in triplicates. C, PC3 cells were transfected with siRNA control, TSC2, TSC2 plus RheB, or TSC2 plus Raptor as indicated for 24 hours then followed by transfection of 200 ng of 3ÂkB luciferase reporter and 30 ng of Renilla reporter control. Cells were harvested and luciferase assays were performed. D, PC3 cells were transfected with siRNA control or TSC2 as indicated. RNA was extracted 48 hours after transfection and RT-PCR was performed to assess changes in mRNA levels of NF-kB target gene expression. E, PC3 cells were transfected with siRNA control or TSC2 as indicated. Cells were treated with DMSO or IKKb inhibitor (5 mmol/L) for another 48 hours and cell proliferation was measured by MTT assay; Ã , P < 0.05; ÃÃ , P < 0.01; ÃÃÃ , P < 0.001.
IKKa
Thus, we transiently transfected TSC2 wild-type and TSC2-2A in PC3 cells and tested their effect on the activity of mTORC1 and IKK/NF-kB. As shown in Fig. 4A , overexpression of TSC2 wildtype has a slight impact on the phosphorylation of S6K and p65, whereas overexpression of TSC2-2A significantly decreases the phosphorylation of S6K and p65. These results indicate that Akt controls mTORC1/IKK/NF-kB through TSC2 phosphorylation. We previously demonstrated that mTORC1 is involved in IKK/ NF-kB activation through regulation of the kinase activity of IKK (42) . Because Akt promotes mTORC1 activity through TSC2 phosphorylation, we thus examined whether wild-type TSC2 and mutant TSC2 (TSC2-2A) have differential effects on IKK kinase activity. The endogenous IKK complex was immunoprecipitated by IKKa antibody from TSC2 wild-type or mutant transfected PC3 cell lysates as indicated in Fig. 4A for in vitro kinase assays using GST-IkBa as substrate. The results show that transfection of wildtype TSC2 led to minimal decreases in the phosphorylation of IkBa, whereas transfection of mutated TSC2 dramatically decreases IkBa phosphorylation (Fig. 4B) . Once activated, NFkB translocates to the nucleus to bind to the promoter of its target gene to regulate gene transcription. We next examined the effects of transfecting TSC2 wild-type and mutant on NF-kB DNA-binding activity. Extracts (whole cell and nuclear) were prepared from PC3 cells transfected with control vector or with TSC2 wild-type or TSC2 mutant. EMSAs were performed with nuclear extracts using a class I MHC NF-kB-binding site probe. As shown in Fig. 4C , although transfection of either TSC2 wild-type or mutant reduced NF-kB DNA-binding activity, TSC2 mutant was more effective in blocking the EMSA complex. These results indicate that Akt regulates NF-kB DNA-binding activity through TSC2 phosphorylation. Consistent with the results of EMSA, we found that TSC2 wild-type reduces NF-kB luciferase activity only slightly, but TSC2-mutant reduces NF-kB luciferase activity dramatically (Fig.  4D) . Finally, to determine whether there is a difference between TSC2 wild-type and TSC2 mutant in affecting NF-kB-regulated gene induction, TSC2 wild-type or the mutant were overexpressed in PC3 cells and RNA isolated. The expressions of cyclinD1, IkBa, XIAP, CIAP1, and Bcl-2 were determined by RT-PCR. GAPDH gene expression served as a control for these experiments. The results showed that, although overexpression of TSC2 wild-type blocked the expression of the experimental gene set approximately 10% to 20%, overexpression of TSC2 mutant reduced the expression of these genes approximately 40% to 50% (Fig. 4E ). These results demonstrate that Akt phosphorylates TSC2 to promote mTOR1 signal and subsequently regulates endogenous NF-kB-dependent gene expression in PTEN-deficient prostate cancer cells.
TSC2 differentially affects NF-k% activity through mTORC1 determined by Akt Our data in PC3 cells indicate that TSC2 inhibits IKK/NF-kB, and that Akt plays a critical role in this regulation. PC3 cells harbor a mutant PTEN, and hence have high endogenous basal Akt activity. We therefore also wanted to determine the effects of TSC2 on IKK/NF-kB upon introducing wild-type PTEN (which would lower endogenous Akt activity). We transiently transfected vector control or the wild-type PTEN gene in PC3 cells and then (36 hours posttransfection) knocked down TSC2 by siRNA. As shown in Fig. 5A and in line with the results from Fig. 1A , knockdown of TSC2 by siRNA increases phosphorylation of S6K and p65 without obvious impact on Akt phosphorylation in vector transfected PC3 cells (Fig. 5A, lines 1 and 2) . Moreover, as expected, wild-type PTEN transfection led to dramatic reduction in Akt and S6K phosphorylation (Fig. 5A, line 1 and 3) . Interestingly, knockdown of TSC2 caused a strong induction of phosphorylation of S6K but obvious decrease in the phosphorylation of Akt and p65 in PTEN-transfected cells (Fig. 5A, line 3  and 4) . In addition, phosphorylation of IkBa-S32/36 also changed in a manner consistent with the modulation of Akt and p65 phosphorylation. These results indicate that wild-type PTEN transfection reverses the effects of TSC2 from inhibition to promotion of IKK/NF-kB in PC3 cells. In addition, these results prompt us to hypothesize that TSC2 increases Akt and NF-kB activity in cells with lower Akt activity. In earlier work, we demonstrated that HeLa cells, which harbor wild-type PTEN, have lower basal Akt activity than PC3 cells (45) . To further define the role of TSC2, Akt, and mTOR in the regulation of NF-kB, we compared the basal activity of Akt, mTOR, and NF-kB between HeLa and PC3 cells. We confirm again that the phosphorylation of Akt, S6K, and NF-kB in PC3 (Fig. 5B) . Next, we determined the effect of knocking down TSC2 on the activity of Akt, S6K, and NF-kB in HeLa cells. As shown in Fig. 5C , siRNA against TSC2 led to decreased TSC2 protein expression, which was accompanied by increased phosphorylation of S6K (Fig. 5C) , and decreased phosphorylation of both Akt and p65. These results are consistent with those observed in the PTEN-transfected PC3 cells followed by siRNA TSC2 transfection, as shown in Fig. 5A . The data confirm that knockdown of TSC2 increases NF-kB activity in PC3 cells (which have higher basal Akt activity) and decreases it in HeLa cells (which have lower basal Akt activity). These observations prompted us to then test whether Akt activity is involved in TSC2 regulation of NF-kB. Thus, we tested HeLa cells that were stably transfected with an inducible HA tagged myristoylated Akt2 construct (HeLa Akt2 Tet-On cell). The experiments showed that 72 hours after adding doxycycline to the culture medium strong induction of HA-myr-Akt2 expression occurred, and it was also associated with increased phosphorylation of S6K, NF-kB, and TSC2 in the Hela cells (Fig. 5D) . Next, we examined the effects of TSC2 knockdown on the activity of p65, Akt, and S6K in the Akt2 active HeLa cells. siRNA against TSC2 dramatically lowered TSC2 protein expression in HeLa Akt2 tet-on cells and increased S6K and p65 phosphorylation (Fig. 5E ). These observations corroborate the findings in PC3 cells after TSC2 knockdown (Figs. 1A and 5A ) and suggest that TSC2 can either downregulate or upregulate NF-kB in an Akt-dependent manner, depending upon cellular context.
TSC2 promotes NF-kB activity in TSC2 null cells
Both PTEN and TSC2 negatively affect mTOR activity. However, PTEN loss induces both Akt and mTORC1 activity whereas TSC2 loss induces mTORC1 but blocks Akt activity through a negative feedback regulatory mechanism (15, 23, 31) . To further clarify the role of TSC2 in regulating NF-kB and Akt we carried out additional studies in cells without TSC2. As shown in Fig. 6A , EEF126-8 (Tsc2 À/À ) cells have higher phosphorylation of S6K, but lower phosphorylation of Akt and NF-kB, compared with EEF126-4 (Tsc2 þ/þ ) cells. These data imply that TSC2 can inhibit mTOR while simultaneously induce Akt and NF-kB in the EEF cells. We tested this hypothesis further using two approaches. First, the EEF TSC2 wild-type cells were transfected with rat siRNA TSC2 and phosphorylation of S6K, Akt, and NF-kB determined. As shown in Fig. 6B , the expression of TSC2 decreased and phosphorylation of S6K increased, whereas the phosphorylation of both Akt and NFkB were reduced. Second, the EEF TSC2 null cells were transfected with wild-type TSC2, which resulted in enhanced phosphorylation of Akt and p65 but decreased phosphorylation of S6K (Fig. 6C) . Taken together, these data indicate that (i) TSC2 inhibits mTOR activity and induces Akt activity through mTOR inhibition, and (ii) TSC2-mediated induction of Akt enhances NF-kB activity. We also examined the effects of expressing different doses of TSC2 on NFkB luciferase activity in EEF TSC2 À/À cells; NF-kB luciferase activity increased in a dose-dependent manner (Fig. 6D) , indicating that TSC2 induces NF-kB transcription in TSC2 null cells. That inhibition of mTOR upon expressing TSC2 in TSC2-null cells leads to upregulation of IKK/NF-kB suggests that dual targeting of IKK and mTOR may be more effective than targeting each individually in suppressing the proliferation of these cells. Thus, to test this hypothesis TSC2 null cells were treated with rapamycin or the IKK inhibitor CmpdA or both, and the effects on cell proliferation assessed. Our results indicate that indeed the combination of rapamycin and CmpdA has significantly greater antiproliferative activity than does either agent alone (Fig. 6E) .
TSC2 upregulation of NF-kB in TSC2 null and TSC2-mutated tumor cells through inhibition of mTORC1-induced Akt activation
Although many studies have demonstrated that Akt activates NFkB and our data shows that TSC2 induces both Akt and NF-kB, we hypothesized that TSC2 induces NF-kB activity through Akt in TSC2-deficient cells. Previous studies have shown that TSC2 loss results in mTORC1 activation, which in turn can suppress the PI3K-Akt pathway by phosphorylating IRS-1 and other receptors (23, 25, (27) (28) (29) . These results suggest that TSC2 transfection (overexpression) may induce a TSC2/mTORC1/IRS-1/PI3K-Akt cascade to upregulate IKK/NF-kB (Fig. 7A, left, hypothesis 1) . Other studies have demonstrated that mTORC1 inhibition may lead to ERK activation via induction of IRS-1/PI3K/MEK/ERK signaling (30, 50) , which could in turn potentially upregulate IKK/NF-kB (Fig. 7A, left, hypothesis 2) . Finally, work by Huang and colleagues (24, 51) suggests that TSC2 is an upstream regulator of mTORC2; under this scenario TSC2 could induce IKK/NF-kB through a TSC2/ mTORC2/Akt/IKK/NF-kB cascade (Fig. 7A, right, hypothesis 3) .
To further clarify the underlying mechanisms involved in TSC2 induction of IKK/NF-kB in the TSC2-null cells, we carried out the following studies. As shown in Fig. 7B , transfection of TSC2 in TSC2 null cells led to inhibition of mTORC1 and increased NF-kB phosphorylation. In addition, the expression of IRS1 increased, indicating that TSC2 transfection releases mTORC1 inhibition of IRS1. Furthermore, phosphorylation of both Akt (at serine 473 and threonine 308) and ERK (which are downstream targets of IRS1), as well as phosphorylation of NDRG1and SGK1 (which are downstream targets of mTORC2), increased (Fig. 7B) . These findings indicate that TSC2 involves mTORC1 and mTORC2 signaling cascades in TSC2 null cells. To clarify whether Akt is involved in TSC2 induction of IKK/NFkB in TSC2-null and TSC2-deficient tumor cells, we used theTSC2 ang1 cell line, which is derived from a cutaneous sarcoma taken from a Tsc2 þ/À mouse heterozygous for tuberin. This is the only genetically defined tuberous sclerosis cell line available that forms tumors in vivo (52, 53) . Knockdown of Akt1 and Akt2 in both TSC2 null and TSC2 ang1 cells decreased NF-kB phosphorylation, suggesting that Akt is involved in the TSC2-mediated upregulation of NF-kB potentially through mTORC1 or/and mTORC2 (Fig. 7C) . On the other hand, knockdown of ERK affects RSK1 (downstream target of ERK; ref. 54) but not NF-kB activity in both TSC2 null and TSC2 ang1 cells (Fig. 7D) . Thus, Akt (hypothesis 1 or 3), but not ERK (hypothesis 2), appears to be involved in TSC2-mediated regulation of NF-kB activity.
To define which mTOR complex is involved in the above pathways, Rictor, a critical component of mTORC2, was knocked down and activity of mTORC2, Akt, S6K, and NF-kB assessed. Although knockdown of Rictor downregulated the activity of mTORC2 downstream targets, including phosphorylation of Akt-serine 473 and NDRG1, it did not affect the phosphorylation status of NF-kB (Fig. 7E) . Thus, TSC2 regulation of NF-kB is mTORC2 independent in TSC2-null and TSC2-mutated cells.
Finally, we determined whether TSC2 induction of NF-kB is mediated through inhibition of mTORC1 and the subsequent upregulation of PI3K-Akt in the TSC2 null and TSC2 ang1 cells (hypothesis 1, Fig. 7A ). If this loop is operative, then one would expect that knockdown of Raptor, a critical member of mTORC1, would cause inhibition of mTORC1 and activation of both Akt and NF-kB. Knockdown of Raptor blocked mTORC1 activity and induced expression of IRS1 in both TSC2 null and TSC2 ang1 cells, which was also accompanied by increased activity of Akt (Fig. 7F) . In addition, enhanced phosphorylation of ERK was observed primarily in TSC2 null cells and to a lesser extent also in TSC2 ang1 cells (which already have high levels of basal ERK phosphorylation; ref. 52) . Importantly, the phosphorylation of NF-kB was markedly increased in both TSC2 null and TSC2 ang1 cells upon knockdown of Raptor (Fig. 7F) . These results strongly imply that TSC2 induces PI3K/Akt/NF-kB through inhibition of phosphorylation of mTORC1 and induction of IRS1 in TSC2 null and TSC2-mutated backgrounds. In addition, TSC2 induces Akt/NFkB in TSC2 null cells via mTORC1-mediated feedback regulation of IRS-1/Akt.
Discussion
The role of TSC2, a critical gene that inhibits mTORC1 activity downstream of Akt, in the regulation of NF-kB is not clearly defined. We previously reported that Akt promotes NF-kB activity through mTORC1 in PTEN deficient prostate cancer (42) . In this study, we explored the functional interaction of Akt, TSC2, and mTORC1 in modulating NF-kB signaling in tumor cells with different genetic backgrounds. We found that in PTEN-deficient cancer cells that have high basal Akt activity such as PC3 cells, TSC2 inhibits mTORC1 and subsequently blocks IKK/NF-kB function without significantly affecting Akt through mTORC1-mediated feedback (Fig. 8A) . However, in a PTEN wild-type background in which there is low basal Akt activity (such as TSC2 null and TSC2-mutated cells), although TSC2 still inhibits mTORC1, upregulation of Akt and IKK/NF-kB occurs through a PI3K/Akt/IKK/NF-kB feedback regulatory loop (Fig. 8B) . Of note is that TSC2 regulation of IKK/NF-kB (promotion or inhibition) appears to be independent of mTORC2 in both PTEN-deficient prostate cancer cells as well as in TSC2-deficient and TSC2-mutated cancer cells. ) cells were transfected with TSC2 (wild-type), lysed, and analyzed by Western blots. C, cells were transfected with siRNA control or siRNA against Akt1 plus Akt2 as indicated, lysed, and analyzed by Western blots. D, cells were transfected with siRNA control or siRNA against ERK as indicated. Cell lysates were analyzed by Western blots. E, cells were transfected with siRNA control or siRNA against Rictor as indicated, lysed, and analyzed by Western blots. F, cells were transfected with siRNA control or siRNA against Raptor, lysed, and analyzed by Western blots. These experiments were repeated for three times.
Previous studies have reported that mTOR inhibition induces upstream RTK signaling leading to activation of Akt in several cancer cell lines and cancer patients (30) . We previously reported that rapamycin blocks mTOR and subsequently reduces IKK/NFkB activity while increasing Akt phosphorylation in the PTENdeficient PC3 cells (42) . These data suggest that mTORC1 lies downstream of Akt but upstream of IKK/NF-kB. This study indicates that TSC2 is a key target for Akt activation of IKK/NFkB in PTEN-deficient prostate cancer in which PTEN loss causes constitutive activation of Akt and is insensitive to the feedback regulation by mTORC1 (Fig. 8A) . A study by Ma and colleagues (32) showed that functional interactions exist between PTEN and TSC2, which can result in asymmetric haplo-insufficiency with respect to tumor suppression in mice. They found that both PTEN þ/À and TSC2 þ/À mice display increased phosphorylation of S6, a marker of mTORC1 activity, compared with the wild-type mice. However,
þ/À mice. More importantly, they found that Pten
mice displayed much higher staining of Ki-67, a proliferation marker, compared with Pten þ/À TSC þ/þ mice. Our data corroborate the transgenic mouse data by showing that knockdown of TSC2 increases mTOR and NF-kB activity in PTEN-null cells, suggesting that loss of TSC2 function coupled with loss of PTEN function activates mTOR and NF-kB, which may promote tumorigenesis.
Manning and colleagues (31) also reported that PTEN and TSC2 act synergistically to suppress the severity of a subset of tumors specific to loss of each of these genes. However, PTEN haplo-insufficiency restores Akt signaling in these tumors and dramatically enhances tumorigenesis (31) . Importantly, they found that Tsc2 þ/À mice exhibit defects in signaling downstream of Akt, which could explain why TSC1/2 mutants induce mostly benign tumors. Our data in the EEF126-4 (Tsc2 þ/þ ) and EEF126-8 (Tsc2
) cells are consistent with the study by Ghosh and colleagues (55) , which showed that NF-kB signaling is attenuated in TSC1-and TSC2-deficient MEFs. The rapamycin-mediated inhibition of mTORC1 restores NF-kB activation through ERK and PI3K pathways (55) . Our data, taken in context with those reported by others, confirms that TSC2 can either negatively or positively modulate NF-kB activity depending upon the genetic background, particularly as it relates to PTEN function and background Akt activity.
Our findings that TSC2 induces NF-kB activation in TSC2-deficient and -mutated tumor cells are in accord with an earlier study by Weichhart and colleagues (56) . They reported that the TSC-mTOR signaling pathway regulates inflammatory responses upon bacterial stimulation in monocytes, macrophages, and primary dendritic cells. They also found that TSC2 upregulates NF-kB signaling through mTORC1 inhibition, and they identified the mTORC1 pathway as a critical negative regulator of NF-kB and a positive regulator of STAT3 signaling in myeloid innate immune cells (56) . Another study by Yoshida and colleagues (57) reported that Rtp801, a suppressor of mTORC1 signaling, is essential in mediating cigarette smoke-induced pulmonary injury and emphysema. They reported that Rtp801 was necessary and sufficient for NF-kB activation in cultured cells and in mouse lungs. Consistent with this study, Weichhart and colleagues (58) reported that mTOR inhibits NF-kB activity whereas rapamycin induces it in myeloid immune cells. In general, it is likely that TSC2 inhibits IKK/NF-kB activity in cancer cells, particularly in those cells with higher levels of Akt activity, but induces IKK/NF-kB in normal cells and benign tumor cells, which have lower basal Akt activity (Fig. 8A and B) .
We propose that TSC2/mTORC1 differentially affects IKK/NF-kB in PTEN loss-induced prostate cancer and TSC2-mutated tumor cells. These observations implicate IKK/NF-kB as a therapeutic target in both PTEN-deficient prostate cancer and TSC. In addition, our data suggest that mTOR inhibition when combined with IKK inhibition could be more effective in the treatment of TSC2-mutated tumors due to their dual blockade of activated mTOR and IKK/NF-kB. Finally, it would be important to determine the therapeutic efficacy of mTOR inhibitors, in combination with IKK/NF-kB inhibitors, in prostate cancer and TSC in vivo.
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